Bacterial adhesion plays a crucial role in the establishment of a community of microorganisms called a biofilm on host tissues and nonbiological surfaces. The strategies employed by different bacteria for mediating attachment to surfaces vary, but external appendages play important roles in adherence and colonization. In enteropathogenic Escherichia coli and enterohemorrhagic E. coli, the flagella can bind mucins on mucosal surfaces (13) , while enterohemorrhagic E. coli produce adhesive type IV pili that form the physical bridges between bacteria adhering to human and bovine host cells (69) . Polysaccharides also play important roles in adherence by both gram-positive and gram-negative bacteria. For example, E. coli produces an exopolysaccharide matrix composed of polymers of N-acetylglucosamine (GlcNAc) that influences the structural integrity of its biofilm, particularly the transition from temporary polar attachment of cells to permanent lateral attachment of cells to a substrate (1) . Staphylococcus epidermidis produces a polysaccharide adhesin composed of a homopolymer of poly-␤-1,6,GlcNAc (37) that is required for biofilm formation (65) . A GlcNAc polysaccharide helps promote the transmission of Yersinia pestis from the flea to the mammalian host (21) and impacts bacterial colonization, virulence, and host immune evasion (56, 63) .
Surface adhesion and biofilm formation by the gram-negative aquatic bacterium Caulobacter crescentus require the contribution of three polar structures: the flagellum, pili, and holdfast (6, 12, 34) , whose biosynthesis is regulated in a cell cycle-dependent manner. C. crescentus produces two cell types at every cell division, a motile swarmer cell with a flagellum and pili at the same pole and a stalked cell with a cell envelope extension called the stalk tipped by the holdfast adhesin. The swarmer cell differentiates into a stalked cell by shedding the flagellum, retracting the pili, and synthesizing a holdfast and a stalk at the same pole (47) . Although the C. crescentus pili and flagellum are important to optimize adhesion, the strong permanent attachment of C. crescentus to a substrate requires the holdfast. The holdfast is an elastic material with gel-like properties (35) and is strongly adhesive (61) . Although the precise composition and structure of the holdfast material have not been determined, N-acetylglucosamine (GlcNAc) polymers are an important component of the holdfast and play a role in the elastic properties (35) and the force of adhesion of the holdfast (61) . Previous studies of C. crescentus holdfasts indicated that the holdfast is sensitive to lysozyme and chitinase, glycolytic enzymes specific for cleavage of ␤-1,4 linkages in oligomers of GlcNAc, suggesting that the holdfasts might contain oligomers of ␤-1,4-linked GlcNAc (40) . Lectin binding studies also revealed that wheat germ agglutinin (WGA), which recognizes GlcNAc polymers, binds specifically to the holdfast (40) .
Adhesion-deficient mutants from a C. crescentus transposon library were previously grouped into three classes based on phenotypic characteristics, namely the holdfast biogenesis (hfs for holdfast synthesis) and holdfast anchor (hfa for holdfast anchor) classes and a class of some pleiotropic developmental mutants (podJ and pleC) (42, 46, 28, 29, 58) . Mutations in the hfaABD operon result in various defects in surface adhesion, but most notably the holdfasts of these mutants have a reduced ability to attach to the tip of the stalk, causing the shedding of a fully adhesive holdfast polysaccharide (42, 46, 28, 29, 10) . Insertional mutations in hfsDAB result in the complete abolishment of surface adhesion and holdfast production (58) , indicating that these hfs genes are absolutely required for holdfast synthesis. Sequence and phenotypic analyses indicate that hfsDAB are required for holdfast polysaccharide export; however, the genes directly involved in holdfast polysaccharide biosynthesis were not identified in previous genetic screens.
Here, we characterized a class of adhesion-deficient mutants obtained in a previous transposon mutagenesis screen (42) and identified a cluster of four genes directly adjacent to hfsDABC that are involved in holdfast polysaccharide biosynthesis (hfsEFGH). We generated in-frame, nonpolar deletion mutants to assess the contribution of these hfsEFGH genes to C. crescentus surface adhesion and holdfast synthesis. We showed that hfsE has two paralogs that can substitute for hfsE in holdfast synthesis. Single-deletion hfsE, pssY, and pssZ mutants caused only a slight reduction in adhesion and holdfast synthesis, whereas a triple-deletion mutant was completely deficient in adhesion and holdfast synthesis. We identified a paralog to hfsC, which we call hfsI. An in-frame-deletion mutant with a deletion of the predicted polysaccharide polymerase gene hfsC had no surface adhesion phenotype (58) . Just like an hfsC mutant, an hfsI deletion mutant does not display a holdfast synthesis defect. Deletion of both hfsC and hfsI results in a severe holdfast synthesis defect. We hypothesized that the paralogs of hfsE may serve to add various sugars in the holdfast polysaccharide repeat unit, while the paralog of hfsC may catalyze the formation of a different glycosidic linkage between these different repeat units.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All bacterial strains and plasmids used in this study are listed in Table 1 . All C. crescentus strains were cultured in peptone-yeast-extract (PYE) medium (48) at 30°C. Kanamycin (20 g/ml [plate]; 5 g/ml [broth]), tetracycline (2 g/ml [plate]; 1 g/ml [broth]), nalidixic acid (20 g/ml [plate]), and 3% sucrose (plate) were used to supplement the C. crescentus media as necessary. E. coli strains were cultured at 37°C in Luria-Bertani (LB) medium. The LB medium was supplemented with kanamycin (50 g/ml or 25 g/ml [plate]; 30 g/ml [broth]) and tetracycline (12 g/ml [plate and broth]) when necessary.
DNA manipulations and sequencing. All restriction enzymes used for standard molecular cloning in this study were purchased from New England Biolabs, Inc. (Ipswich, MA), and we followed standard molecular biology methods (3). All primers used in this study are listed in Table 2 . Plasmid DNA was isolated by using a QIAprep miniprep kit, and PCR products were purified by using QIAquick spin columns (Qiagen, Valencia, CA) according to the procedures recommended by the manufacturer. Chromosomal DNA was isolated by using a Promega Magic miniprep DNA purification system (Promega, Madison, WI) according to the manufacturer's instructions. Sequencing reactions were performed in the Indiana Institute for Molecular Biology at Indiana University on an Applied Biosystems 3730 automated fluorescence sequencing system, using ABI Prism BigDye Terminator cycle sequencing version 3.1 (Applied Biosystems, Foster City, CA). Sequence data were analyzed using Sequencher 4.7 software (Gene Codes Corporation, Ann Arbor, MI) and the Codon Preference module of the GCG Wisconsin package.
Analysis of hfs promoter by lacZ transcriptional fusions. Fragments were cloned upstream of the lacZ gene in pRKlac290 and analyzed for promoter activity in the wild-type C. crescentus strain CB15. The levels of promoter activity were determined by assaying for ␤-galactosidase activity as previously described (26) , with the following modification: all measurements were done at 22°C. The levels of ␤-Galactosidase activity were expressed in Miller units and represent the averages of the results of five independent cultures done in triplicate, displayed with standard deviations. ␤-Galactosidase activity conferred by the plasmid alone was approximately 70 Miller units.
Generation of in-frame-deletion mutants.
In-frame markerless deletions of hfsE, hfsF, hfsG, hfsH, and hfsI were created by a two-step homologous recombination method, using upstream and downstream fragments of each gene cloned into nonreplicating plasmid pNPTS138, which carries a kanamycin resistance gene cassette (nptI), along with the sacB cassette that confers sucrose sensitivity, as previously described (19, 60) . Primers NewFuphfsE, NewRuphfsE, FdwHindIIIhfsE, and RdwPstIhfsE were used in a PCR to amplify 500 bp directly upstream and downstream of the predicted start of the hfsE gene, leaving six codons at the start of the gene and seven codons at the end of the gene. Primers NewFuphfsF, NewRuphfsF, FdwHindIIIhfsF, and RdwSphIhfsF were used in PCR to amplify 500 bp directly upstream and downstream of the start of the hfsF gene, leaving 34 codons at the start of the gene and 7 codons at the end of the gene. Primers FupSphIhfsG, RupHindIIIhfsG, FdwHindIIIhfsG, and RdwBamHIhfsG were used in PCR to amplify 500 bp directly upstream and downstream of the predicted start of the hfsG gene, leaving 6 codons at the start of the gene and 10 codons at the end of the gene. Primers FupBamHIhfsH, RupEcoRIhfsH, FdwEcoRIhfsH, and RdwHindIIIhfsH were used in PCR to amplify 500 bp directly upstream and downstream of the predicted start of the hfsH gene, leaving three codons at the start of the gene and four codons at the end of the gene. Primers F499HindIII, R499XbaI, Fm499XbaI, and Rm499EcoRI were used in PCR to amplify 500 bp directly upstream and downstream of the predicted start of the hfsI gene, leaving three codons at the start of the gene and four codons at the end of the gene. The deletion mutants were confirmed by colony PCR, using the primers used to clone the upstream and downstream fragments, and were verified by sequencing.
Complementation of in-frame-deletion mutants. A series of pMR10-based plasmids was constructed to complement all the deletion mutants. The individual genes were PCR amplified separately from wild-type CB15 chromosomal DNA and introduced into pMR10, a medium-copy-number plasmid, together with its native promoter. Primers FupEcoRIhfsE and phfsEendNdeI were used to amplify the hfsE promoter. Primer pairs FupEcoRIhfsE and HfsEendPstI, HfsFstartNdeI and HfsFendHindIII, HfsGstartNdeI and HfsGendBamHI, and HfsHstartNdeI and HfsHendBamHI were used to amplify the entire hfsE, hfsF, hfsG, and hfsH genes, respectively. The appropriate plasmids carrying the different hfs genes under the control of the hfsE promoter were introduced to the individual in-frame-deletion mutants and assayed for the restoration of surface adhesion and lectin binding.
Surface binding assay. Polystyrene binding assays were performed as previously described (6) , with the following modifications: the cells were allowed to adhere for 45 min, and 1.5 ml of a 1% crystal violet solution was used for staining.
Swarming motility assay. Exponential cultures (0.5 l) grown in PYE medium and normalized to an optical density of 0.3 at 600 nm were stabbed into 0.3% agar semisolid agar PYE medium. The plates were incubated at room temperature for 5 days. A nonmotile ⌬pleC mutant (31) was used as a negative control for swarming.
Phage sensitivity assay. Phage sensitivity assays were performed as previously described (53) , using the caulophage ⌽CbK.
Microscopy. Fluorescent lectin binding assays were performed as previously described (24) , except that Alexa Fluor 488-conjugated WGA (AF488-WGA) was used to label the holdfast (Invitrogen Molecular Probes). A Nikon Eclipse E800 light microscope equipped with a 100ϫ Plan Apo oil objective was used for phase-contrast microscopy, and a Nikon FITC-HyQ filter cube (Chroma Technology) was used for epifluorescence microscopy. Images were captured by using a Princeton Instruments cooled charge-coupled-device camera, model 1317, and MetaMorph imaging software, version 7.1.1 (Molecular Devices, Sunnyvale, CA). Transmission electron microscopy (TEM) was used to observe the appearance of the holdfast in the various mutants. Exponential-phase cells were mounted onto Formvar-coated, carbon film-stabilized copper grids (Electron Microscopy Sciences, Hatfield, PA) for 30 min. Each grid was washed in a drop of water, negatively stained with 7.5% uranyl magnesium acetate for 5 min, and washed five times with water after being stained with uranyl magnesium acetate. The grids were examined with a Jeol JEM-1010 transmission electron microscope set to 80 kV.
RESULTS
Identification of a holdfast polysaccharide biosynthesis gene cluster adjacent to the hfsDABC genes. To identify the genes involved in the biosynthesis of the minimum-repeat units of the holdfast polysaccharide, we revisited the Tn5 mutagenesis screen for holdfast mutants of the freshwater C. crescentus strain CB2A and examined an uncharacterized gene cluster (cluster IV in the previous study of Mitchell and Smit [42] ). All four Tn5 insertion mutants in cluster IV, with the original designations g3, g10, g4, and g6, were found to be adhesion deficient, based on a quantitative surface binding assay. CB2Ag3, CB2Ag10, CB2Ag4, and CB2Ag6 exhibited 9%, 8%, 9%, and 7% binding to a polystyrene surface, respectively, compared to 100% for wild-type C. crescentus CB2A.
A fragment of Tn5 with a flanking chromosomal DNA from mutants g3, g10, g4, and g6 was cloned into pUC18, and the DNA sequence of the chromosomal DNA portion was used to search the genome sequence of C. crescentus CB15 (45), since the genome sequence of C. crescentus CB2A is not known. Sequence analysis of the junction of the Tn5 fragment revealed that the g3, g10, g4, and g6 transposon insertion sites were found in a region containing four open reading frames (ORFs) downstream from and convergent to the hfsC gene (Fig. 1A) . Sequence analysis of these four ORFs revealed that these genes (CC_2425 to CC_2428), hereinafter called hfsEFGH, are homologous to genes involved in polysaccharide biosynthesis (68) . hfsE (CC_2425) encodes a predicted protein of 375 amino acids (aa) that is homologous to a family of integral membrane sugar transferases from the polyisoprenylphosphate hexose-1-phosphate transferase (PHPT) family (32, 64) , including specialized glycosyltransferases like WsaP in Geobacillus stearothermophilus NRS 2004/3a (59), WbaP in E. coli (11) , and WbaP in Salmonella enterica (64) . These sugar transferases catalyze the first step in polysaccharide biosynthesis by transferring hexose-1-phosphate residues from UDP-hexoses to the lipid carrier molecule undecaprenol phosphate in the inner membrane (4, 8) . HfsE possesses the three characteristic blocks of highly conserved amino acids (KFRSM, DELPQ, and PGITG) that are typically found in the C-terminal halves of prototypes of this family of PHPT sugar transferases (Fig. 1B) (17) , and is thought to catalyze the polymerization of GlcNAc. hfsH (CC_2428) encodes a predicted cytoplasmic protein of 257 aa that belongs to carbohydrate esterase family 4 (CE4). All members of this family catalyze the hydrolysis of either N-linked acetyl groups from GlcNAc residues or O-linked acetyl groups from O-acetylxylose residues of their substrates (9) . HfsH is similar to a NodB de-N-acetylase superfamily of polysaccharide deacetylases involved in the degradation and remodeling of GlcNAc substrates like chitin (20, 41) , chito-oligosaccharide rhizobial Nod factors, and peptidoglycan (49) . We hypothesize that hfsE, hfsF, hfsG, and hfsH catalyze the biosynthesis, remodeling, and flipping across the inner membrane of the holdfast polysaccharide repeat unit(s). Transcriptional and translational organization of the hfsEFGH genes. The organization of the hfsEFGH genes suggests that these genes might be transcribed as an operon. The ORFs of hfsF, hfsG, and hfsH overlap, with hfsF and hfsG sharing four nucleotides, whereas hfsG and hfsH share a single nucleotide; however, a 6-nucleotide space separates the end of hfsE and the start of hfsF. Two results of our initial deletion experiments, however, suggested that careful examination of the promoter organization in this region was required prior to phenotypic characterization of the deletion mutants. First, we were unable to complement an initial in-frame hfsE deletion mutant (data not shown), and second, the initial deletion of the hfsF gene from codon 5 to codon 475 suggested that a pro- (Fig. 1B) , whereas the first 180 aa had no similarity to other proteins. In addition, the third position GC bias and codon bias analyses suggested that the first 137 codons were unlikely to encode a protein. Based on the GC bias analysis and the region of similarity to PHPT family proteins, we hypothesized that the start codon of hfsE is an ATG starting at nucleotide coordinate 2631047; this coordinate was used in all our subsequent analyses. To determine the approximate location of the promoter(s) responsible for transcribing this gene cluster in order to design nonpolar deletions, we constructed a set of overlapping transcriptional fusions to a promoterless lacZ reporter gene in the plasmid pRKlac290 and assayed for ␤-galactosidase activity as a reporter of promoter activity (Fig. 2) . In order to verify that a promoter exists upstream of hfsE, we constructed a transcriptional fusion, plachfs12, which yielded 1,500 Miller units of ␤-galactosidase activity, indicating that there is a promoter residing in this 539-nucleotide fragment upstream of hfsE. To determine whether there were any promoters in the hfsE coding region, two additional transcriptional fusions were constructed: plachfs15 and plachfs9. Neither of these fusions had ␤-galactosidase activity, indicating that there are no promoters in the hfsE coding region. The plachfs3 fusion, which included 1,000 nucleotides upstream of the probable start codon of hfsF and 45 codons of hfsF, had 930 Miller units of ␤-galactosidase activity. Since the 5Ј end of plachfs3 overlaps with plachfs15 and plachfs9 and there is no promoter in the corresponding fragments, a promoter must lie between the 3Ј end of plachfs9 and that of plachfs3. To delineate this promoter further, we constructed plachfs13. The plachfs9 fusion had essentially no ␤-galactosidase activity, while the plachfs13 fusion had 500 Miller units of ␤-galactosidase activity, confirming the presence of a promoter in this region. These results indicate that there is a promoter in the coding region of hfsF, which resides in a 218-bp nucleotide fragment contained within the plachfs13 transcriptional fusion.
To determine if there are additional promoters driving hfsG and hfsH gene expression, we constructed two other transcriptional fusions: plachfs14 and plachfs5, neither of which had ␤-galactosidase activity (Fig. 2) . These results indicate that there is no promoter between hfsF and hfsG or between hfsG and hfsH. Based on the results of this promoter fusion analysis, we concluded that there are at least two promoters present in the hfsEFGH gene cluster. Knowledge of the approximate location of these promoters was then used to construct nonpolar deletions of the hfsEFGH genes.
Contribution of hfsEFGH to holdfast synthesis. To determine the contribution of hfsEFGH to holdfast synthesis and to eliminate the possibility that the phenotypes of the CB2A transposon insertion mutants were due to polar effects on downstream genes, we generated in-frame-deletion mutants with deletions of each of the four genes, hfsE (CC_2425), hfsF (CC_2426), hfsG (CC_2427), and hfsH (CC_2428), in strain CB15 and assayed for their ability to adhere to a polystyrene surface and to bind a holdfast-specific lectin, WGA. Mutants with deletions in hfsE and hfsF adhered to polystyrene with only a small decrease in their binding abilities compared to the wild type, whereas the hfsG and hfsH mutants were severely impaired in their abilities to adhere to polystyrene (Fig. 3A) . Lectin binding assays using AF488-WGA mimicked the adherence results: ⌬hfsE and ⌬hfsF predivisional cells had a slightly reduced ability to bind to AF488-WGA, whereas ⌬hfsG and ⌬hfsH predivisional cells were deficient in binding to AF488-WGA (Fig. 3B) .
In order to observe the holdfasts present in the hfs deletion mutants, we performed TEM on negatively stained whole-cell mounts of these hfs deletion mutants. In a wild-type CB15 cell, the holdfast appeared as a darkly stained amorphous material localized at the tip of the stalk (Fig. 4, panel 1) . In contrast, cells of NA1000, a spontaneous holdfast-deficient mutant of CB15, completely lacked a detectable holdfast (Fig. 4, panel  17) . The hfsG and hfsH mutants were completely devoid of holdfast material (Fig. 4, panels 3 and 4) , whereas the hfsE and hfsF mutants had holdfasts that were comparable to that of the wild-type cell (Fig. 4, panels 5 and 2) .
To confirm that the phenotype of each mutant was solely due to the deletions, we introduced a series of complementation plasmids carrying the native hfsE promoter fused to the hfsE, hfsF, hfsG, or hfsH gene into their respective deletion mutants and assayed for surface adhesion and lectin binding. All of the deletion mutants were complemented for adherence to polystyrene (Fig. 3A) and their ability to bind AF488-WGA ( Fig. 3B) , indicating that the phenotype of each mutant was caused by the individual gene deletions.
Although the holdfast is a critical player for the optimal attachment to surfaces, other polar structures such as pili and the flagellum have been shown to play a role in the attachment of C. crescentus to surfaces (6) . To verify that the attachment deficiencies of the hfsEFGH deletion mutants were solely due to defects in holdfast synthesis and not the lack of pili or motility, we assayed for the presence of pili in these mutants, using a phage sensitivity assay with the caulophage ⌽CbK, which requires pili for infection (55) , and performed a swarm motility assay, which identifies swimming defects in semisolid agar. All of the hfsEFGH deletion mutants were sensitive to ⌽CbK (data not shown), indicating that these deletion mutants FIG. 4 . TEM analysis of holdfasts of hfs deletion mutants and all the hfsE paralog combination mutants. Electron micrographs show holdfasts of representative stalked cells in the cell population at a magnification of ϫ25,000. Labels: ⌬E, ⌬hfsE; ⌬Y, ⌬pssY; ⌬Z, ⌬pssZ; ⌬1436, ⌬CC_1486. Panels: 1, CB15; 2, ⌬hfsF; 3, ⌬hfsG; 4, ⌬hfsH; 5, ⌬hfsE; 6, ⌬pssY; 7, ⌬pssZ; 8, ⌬CC_1486; 9, ⌬hfsE ⌬pssY ⌬pssZ; 10, ⌬pssY ⌬pssZ; 11, ⌬pssY ⌬CC_1486; 12, ⌬pssZ ⌬CC_1486; 13, ⌬hfsE ⌬pssY ⌬pssZ ⌬CC_1486; 14, ⌬hfsE ⌬pssY; 15, ⌬hfsE ⌬pssZ; 16, ⌬hfsE ⌬CC_1486; 17, NA1000; 18, ⌬hfsE ⌬pssY ⌬CC_1486; 19, ⌬hfsE ⌬pssZ ⌬CC_1486; 20, ⌬pssY ⌬pssZ ⌬CC_1486.
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We concluded that the hfsG and hfsH genes play a critical role in surface attachment and holdfast synthesis. Surprisingly, the deletion of hfsE and hfsF had only a minor effect on surface adhesion and holdfast synthesis.
hfsE has two paralogs that are redundant for holdfast synthesis. Based on amino acid sequence comparisons, HfsE should catalyze the first step in polysaccharide biosynthesis by transferring glucose-1-phosphate residues from UDP-GlcNAc to the lipid carrier molecule, undecaprenol phosphate, in the inner membrane. The loss of function of such an enzyme should render the cell incapable of manufacturing the holdfast polysaccharide. Since the hfsE mutant exhibited negligible defects in adhesion and holdfast synthesis, we considered the possibility that paralogs of hfsE might exist and provide redundant function. Analysis of the C. crescentus genome revealed the presence of three paralogs to hfsE: the exopolysaccharide production protein encoded by pssZ (CC_2384), the exopolysaccharide production protein encoded by pssY (CC_0166), and the protein encoded by the CC_1486 gene, which exhibit 51%, 41%, and 37% amino acid identity to the protein encoded by hfsE (CC_2425), respectively. All three predicted protein products share significant amino acid similarity with other known sugar transferases that function as initiating enzymes, including the three blocks of conserved amino acid residues found in other prototypes of these enzymes, suggesting that these proteins may have similar functions (Fig. 1B) .
To assess whether any of the paralogs of hfsE can compensate for the function of hfsE, we constructed in-frame-deletion mutants with deletions of each of the individual paralogous genes and a comprehensive set of double-, triple-, and quadruple-combination mutants with hfsE and assayed for deficiencies in surface adhesion and the ability to synthesize a holdfast. Single-deletion mutants with deletions of hfsE, pssY, and pssZ had similar, slightly reduced abilities to bind to a polystyrene surface, whereas the CC_1486 mutant had a slightly increased surface adhesion phenotype (Fig. 5) . The slight increase in surface adherence of the CC_1486 mutant is likely attributable to the overproduction of an exopolysaccharidelike material in the culture (Fig. 6 ), resulting in a massive cell aggregation phenotype exhibited by the single deletion of the CC_1486 mutant (Fig. 6) . The large cell clumps made by ⌬CC_1486 are often up to three times as wide as that depicted in the micrograph (Fig. 6) .
Holdfast-specific lectin binding assays of the single-deletion mutants showed that they all bound lectin. In order to observe the holdfasts on these single-deletion mutants, TEM was performed on negatively stained whole-cell mounts. Each single mutant possessed holdfast material at the tip of its stalk (Fig.  4, panels 6 to 8) . These results indicate that single mutations in hfsE, pssY, pssZ, and the CC_1486 gene alone do not prevent holdfast synthesis (Fig. 5) .
In the set of double-deletion hfsE mutants and its paralogs, the ⌬pssY ⌬CC_1486 mutant exhibited essentially wild-type levels of surface adherence and the ⌬pssY ⌬pssZ and ⌬pssZ ⌬CC_1486 mutants had a similar, slightly reduced ability to bind to a polystyrene surface (Fig. 5) . In contrast, the ⌬hfsE ⌬pssY and ⌬hfsE ⌬pssZ mutants exhibited a noticeable reduc- tion in surface adherence compared to the wild type (Fig. 5) . Interestingly, the ⌬hfsE ⌬CC_1486 mutant exhibited a significant increase in surface adherence compared to the wild type. All the double mutants bound the holdfast-specific lectin. TEM analyses on whole-cell mounts of these double mutants indicated that although all of them possessed some holdfast material at the tips of their stalks, there were some consistent differences in the holdfast appearance of a large proportion of some double mutants compared to that of the wild type (Fig. 4 , panels 10 to 12 and 14 to 16). The holdfast of the ⌬pssY ⌬pssZ mutant appeared to be positioned off to one side of the stalk tip (Fig. 4, panel 10 ) compared to the holdfast of the wild-type CB15 cell (Fig. 4, panel 1) . The ⌬hfsE ⌬pssY, ⌬hfsE ⌬pssZ, and ⌬hfsE ⌬CC_1486 mutants appeared to have less holdfast material at the stalk tip (Fig. 4, panels 14 to 16 ) than the wild-type cell (Fig. 4, panel 1) . The holdfast of the ⌬pssZ ⌬CC_1486 mutant, on the other hand, appeared to be positioned only at the very tip of the stalk (Fig. 4, panel 12) , instead of enveloping the entire stalk tip like that of the wild-type cell (Fig. 4, panel  1 ). These results revealed that double-combination mutations with hfsE, pssY, pssZ, or CC_1486 do not cause a dramatic reduction in surface adherence or in the inability to synthesize a holdfast but often cause holdfast misplacement at the tip of the stalk. Of all the triple-combination mutants, only the ⌬hfsE ⌬pssY ⌬pssZ mutant exhibited a severe deficiency in surface adherence (Fig. 5) and a complete loss of binding to AF488-WGA and lacked any holdfast material at the tip of the stalk, based on TEM (Fig. 4, panel 9 ). In contrast, the ⌬pssY ⌬pssZ ⌬CC_1486, ⌬hfsE ⌬pssY ⌬CC_1486, and ⌬hfsE ⌬pssZ ⌬CC_1486 mutants were all competent in surface adherence, and the ⌬hfsE ⌬pssY ⌬CC_1486 and ⌬hfsE ⌬pssZ ⌬CC_1486 mutants exhibited an increase in surface adherence compared to the wild-type (Fig. 5) . The ⌬hfsE ⌬pssY ⌬CC_1486, ⌬hfsE ⌬pssZ ⌬CC_1486, and ⌬pssY ⌬pssZ ⌬CC_1486 mutants all bound the holdfast-specific lectin and possessed holdfast material at the tips of their stalks (Fig. 4, panels 18 to 20) , although the holdfast of the ⌬hfsE ⌬pssY ⌬CC_1486 mutant also appeared to be positioned off to one side of the stalk tip, while there appeared to be less holdfast material at the stalk tips of the ⌬pssY ⌬pssZ ⌬CC_1486 and ⌬hfsE ⌬pssZ ⌬CC_1486 mutants. The phenotype of the ⌬hfsE ⌬pssY ⌬pssZ ⌬CC_1486 quadruple mutant closely mimicked that of the ⌬hfsE ⌬pssY ⌬pssZ triple mutant. The ⌬hfsE ⌬pssY ⌬pssZ mutant did not bind the holdfast-specific lectin, but when complemented by the introduction of a plasmid harboring hfsE fused to its native promoter, 70% of the predivisional cells bound the holdfastspecific lectin, compared to 78% of wild-type predivisional cells. These results indicate that pssY, pssZ, or hfsE is redundant for holdfast synthesis.
hfsI is a paralog of hfsC that is redundant for holdfast synthesis. Unraveling the existence of compensatory paralogs for hfsE led us to reinvestigate the role of hfsC. HfsC is a predicted integral membrane protein with 11 transmembrane helices with sequence similarity to Wzy-like proteins. Wzy proteins are O-antigen polymerases that are involved in the polymerization of high-molecular-weight exopolysaccharide (44) and succinoglycan (50) . Previous work has shown that an hfsC mutant could still bind to surfaces and to AF488-WGA lectin, suggesting that hfsC does not play a role in holdfast synthesis, despite the fact that it is located in the holdfast biosynthesis gene cluster or that there was a redundant gene (58) . Sequence analysis revealed a possible redundant protein encoded by CC_0499 (hereinafter called hfsI) exhibiting 60% sequence identity to HfsC. We constructed an in-frame hfsI deletion mutant and assayed for any surface adherence and AF488-WGA lectin binding deficiencies. The ⌬hfsI mutant had close to wild-type levels of surface adherence (Fig. 7A) , while the ⌬hfsC mutant exhibited 78% surface adherence compared to that of the wild type. The levels of AF488 lectin binding of the ⌬hfsC mutant and the ⌬hfsI mutant were similar to each other but were slightly reduced compared to that of the wild type (Fig. 7B) . We constructed an hfsC and hfsI double mutant and assayed for surface adherence and holdfast-specific lectin binding. The hfsC hfsI double mutant was completely incapable of binding to a polystyrene surface (Fig. 7A ) and failed to bind the holdfast-specific lectin AF488-WGA (Fig. 7B) . In addition, the holdfast phenotype of the hfsC hfsI double mutant could be complemented by the introduction of a plasmid harboring hfsC fused to the hfsA promoter. We concluded that hfsC and hfsI are redundant for holdfast synthesis.
DISCUSSION
In this study, we identified a set of polysaccharide biosynthesis genes that are involved in the biosynthesis (hfsEFGH, pssY, and pssZ) and polymerization (hfsC and hfsI) of the repeat unit of the holdfast polysaccharide. Together with the previously identified hfsDAB (58) and hfaABD genes, involved in the export and anchoring of the holdfast polysaccharide to the stalk (28, 29, 10), we defined for the first time a pathway that unifies the distinct processes for holdfast polysaccharide synthesis, export, and anchoring to the stalk. Since the hfsEFGH and hfsCBAD gene clusters encode the functions required for polysaccharide synthesis, we expected that mutations in any of these genes would abolish surface adhesion and holdfast production; however, our results showed that although hfsDAB, hfsG, and hfsH are essential for surface adhesion and holdfast synthesis, hfsE and hfsF are not. It is not surprising to find that mutations in polysaccharide deacetylase archetypes like HfsH result in a severe deficiency in surface adhesion and holdfast production, because the conversion of an acetylated to a deacetylated form of the sugar may serve as a signal for polysaccharide secretion. For example, there is evidence that the N-deacetylation modification of the E. coli polysaccharide adhesin facilitates its secretion (23) . In contrast, hfsE and hfsF are dispensable for surface adhesion and holdfast production, and the dispensability of hfsE is explained by the existence of two paralogs of hfsE, pssY and pssZ. Our results revealed that either hfsE, pssY, or pssZ, but not their paralog the CC_1486 gene, is sufficient for holdfast synthesis and surface adhesion. Intriguingly, strains in which only one of these three redundant paralogs is present exhibit a slight reduction of surface adhesion, which suggests that each gene contributes to the biosynthesis of the holdfast polysaccharide. PssZ is 51% identical to HfsE, and pssZ (CC_2384) is found in a gene cluster on the C. crescentus chromosome with a putative gene for a protein tyrosine phosphatase (CC_2385), a UDP-glucose-4 epimerase (CC_2383), and a UDP-glucose-6 dehydrogenase (CC_2382), suggesting that these gene products may synthesize an activated sugar precursor that could be used in polysaccharide synthesis by the initiating glycosyltransferase, PssZ. PssY exhibits 41% amino acid identity to HfsE, and pssY (CC_0166) is found in a gene cluster on the C. crescentus chromosome with a putative transglutaminase like cysteine peptidase (CC_0167), an O-antigen polymerase gene (CC_0165), and a chain-length-determinant gene (CC_0164). This genetic organization of the pssY gene cluster, comprising a chain-length-determinant protein adjacent to a polymerase protein, is typical of gene clusters involved in the biosynthesis of the O antigen of lipopolysaccharide, suggesting that the primary function of PssY is in lipopolysaccharide synthesis but that pssY can substitute for hfsE and pssZ because of sequence similarity. CC_1486 is unable to compensate for the loss of hfsE and its paralogs, indicating that this gene does not play a role in holdfast polysaccharide synthesis. Compared to the other paralogs, CC_1486 exhibits the lowest amino acid sequence identity to HfsE (37%). CC_1486 is found in a gene cluster with tipN (CC_1485), a gene involved in establishing polarity and the correct placement of polar organelles (22, 30) instead of being clustered with other polysaccharide biosynthetic genes, suggesting that CC_1486 may have other functions in the cell.
Similarly, we have identified hfsI (CC_0499), a paralog of hfsC that is able to compensate for its loss. We observed dramatic defects in surface adhesion and holdfast synthesis caused by an hfsC and hfsI double-deletion mutant. There is precedence for redundancy in Wzy-like proteins. Two versions of Wzy proteins exist in Pseudomonas aeruginosa and Salmonella enterica serovar Anatum (25, 39) . Each of the P. aeruginosa Wzy proteins catalyzes a different glycosidic linkage (␣ or ␤) of the O antigen, and mutations of one of the wzy genes result in the production of an O antigen missing the specific ␣ or ␤ linkage. hfsI is not part of a gene cluster of polysaccharide biosynthesis genes but is instead adjacent to genes encoding a putative RDD (arginine-aspartate-aspartate) family of transporter proteins (CC0498) and a phage tail fiber adhesin (CC_0500). We therefore hypothesized that hfsI primarily functions in holdfast synthesis.
Although it is possible that there may be other flippases that can compensate for the loss of HfsF function, the identification of flippases is made difficult because these proteins are composed mostly of transmembrane helices (12) (13) (14) and have no amino acid sequence similarity or an obvious signature sequence except a weakly conserved stretch of approximately 208 amino acids (polysacc_synt domain, Protein Families database of alignments; HMMs, http://cmr.tigr.org/cgi-bin/CMR /HmmReport.cgi?hmm_accϭPF01943) (38) . Alternatively, we hypothesized that there may be another polysaccharide efflux system that can translocate the repeat units across the inner membrane, such as the ABC transporter superfamily of proteins that constitutes the second pathway of polysaccharide biosynthesis (2), which is distinct and independent from the Wzy-dependent pathway. A hallmark of the ABC transporterdependent polysaccharide translocation system is the absence of flippases (66) .
Our current understanding of polysaccharide biosynthesis stems from years of research in capsular polysaccharide biosynthesis (62, 66) . Capsular polysaccharide biosynthesis and assembly occur by two main mechanisms. The first mechanism governs group 1 capsular polysaccharide synthesis and involves two integral inner membrane proteins in polymer translocation across the inner membrane, namely the polymerase protein Wzy and the flippase protein Wzx (67) . The presence of these two proteins defines this pathway. Wzy-dependent pathways typically manufacture heteropolymeric polysaccharides (62) . In the second mechanism, which governs group 2 capsular polysaccharide synthesis, polymer translocation is facilitated by an ATP binding cassette (ABC) transporter. The presence of the ABC transporter defines this pathway. Homopolymeric polysaccharides are usually synthesized in an ABC transporterdependent fashion (7) . Based on the presence of the Wzy(s) and Wzx homologs in C. crescentus, HfsC or HfsI, and HfsF, respectively, we propose a working model for the synthesis, export, and anchoring of the holdfast polysaccharide to the stalk that is analogous to group I capsular polysaccharide synthesis in E. coli (Fig. 8 ). An initiating glycosyltransferase (HfsE, PssY, or PssZ) adds the first sugar to the lipid carrier undecaprenol phosphate on the cytoplasmic side of the inner membrane. Subsequently, the glycosyltransferase HfsG elongates the growing polysaccharide repeat unit. Upon the de-O-or de-N-acetylation of substituted saccharides by the carbohydrate esterase HfsH, the polysaccharide repeat unit is flipped across the inner membrane by the action of the flippase, HfsF, and polymerization of the polysaccharide repeat units is accomplished by the polymerases HfsC and HfsI. The polysaccharide chain undergoes continued polymerization, and the polymerization of the polysaccharide is controlled by the combined action of HfsA and HfsB, rep-resenting the periplasmic N-terminal and cytoplasmic Cterminal domains, respectively, of a polysaccharide export protein. The secretin HfsD then provides the channel for export of the polysaccharide across the peptidoglycan and outer membrane. Subsequently, the holdfast polysaccharide is anchored to the cell surface by the concerted action of the holdfast attachment proteins, HfaABD (G. G. Hardy et al., submitted for publication).
In summary, we showed that there are redundancies for two key enzymes involved in the initiating step and polymerization of the holdfast polysaccharide. To our knowledge, this level of gene redundancy for the membrane glycosyltransferase that initiates the first step in polysaccharide biosynthesis is unprecedented. Interestingly, we did not notice any redundancies in the enzymes involved in translocation through the outer membrane. This finding supports the current paradigm that enzymes involved in polysaccharide synthesis and polymerization are substitutable but the polysaccharide translocation machineries are specialized (66) . While hfsEFGH and hfsCBAD encode the proteins required for the biosynthesis and export of the holdfast polysaccharide, the presence of redundant genes involved in the initiating and polymerization steps may provide the ability to add additional sugars and linkages, or both, to the holdfast polysaccharide. Future work will be needed to dissect the precise roles that each of these redundant enzymes plays in polysaccharide synthesis.
